Assays in vitro for human tumour progenitor cells have received a great deal of attention in the past few years because of their potential use for predictive testing of chemotherapeutic agents on individual tumours (Salmon et al., 1978) . The major premise behind these tests is that tumour cells which form colonies in semi-solid media are those most likely to be responsible for growth of the tumor in vivo. Thus, drugs that reduce the numbers of colonies in vitro should be effective for treating that tumour in the clinic. In fact, a number of studies appear to show reasonably good correlations between in vitro assay results and clinical responses (reviewed by Salmon, 1984) . Unfortunately, technical and theoretical problems limit the general applicability of such systems (Selby et al., 1983) .
One fundamental aspect of any clonogenic assay, which is important if drug assay results are to be interpreted in terms of progenitor cell kill, is the relationship between numbers of cells plated and colony numbers. The protocols used in most laboratories are based on the original method of Salmon et al. (1978) where a single concentration of cells is plated for untreated controls as well as for the drug-treated groups. Therefore, it must be assumed that the cloning efficiency is independent of the cell concentration seeded, if inhibition of colony formation is to be a direct measure of progenitor cell reduction. Recently, Meyskens et al. Correspondence: J.F. Eliason. Received 11 March 1985; and (Eliason, 1984; Eliason et al., 1984) which is further supplemented with 1 mg ml1-bovine serum albumin (Cohn fraction V, Fluka, Buchs, Switzerland). The albumin was dextran-charcoal treated and deionized as described by Iscove et al. (1980) . All media contained penicillin (100,000 ul -1) and streptomycin (100mg -1). Malignant effusions were collected in sterile containers with 10uml-of preservative-free heparin (Hoffmann-La Roche, Basel, Switzerland).
Solid tumour samples were cut into smaller pieces and incubated with collagenase (Sigma, St. Louis MD) and DNase (Sigma) as described by Slocum et al. (1981) . After incubation, the samples were filtered through 200 pm mesh screens to remove large pieces and were centrifuged. The cells were washed 2 or 3 times with EF+. Liquid effusions were centrifuged and the cells were washed twice with EF +. Samples with high numbers of erythrocytes were resuspended in 0.17MNH4Cl and kept at 4°C for 10min. Cell debris was removed by centrifugation through a layer of foetal calf serum (FCS; KC Biologicals, Kansas City, MO) followed by Ficoll-hypaque (Pharmacia, Uppsala, Sweden) separation. Samples with low percentages of viable cells (<40%) were also separated on Ficoll-hypaque.
After washing, cells were resuspended in EF+ and drawn through needles of decreasing diameter. Viable cells were counted on a haemocytometer after dilution in a solution of Trypan blue. If necessary, the cell suspension was left for 10min at room temperature to allow larger aggregates to sediment. The top one-half to two-thirds of the medium was then removed and the viable cell concentration was determined.
The methylcellulose clonal assay system has been described in detail previously . Briefly, it consists of a 1:1 mixture of EMED and FMED supplemented with 0.9% methylcellulose (4000 mPa.s; Fluka), 5% FCS, 1% bovine serum albumin, nucleosides and deoxynucleosides, 204mg 1-fresh L-glutamine, 20 pM ethanolaime, trace elements, 80 pg ml-1 human transferrin, 3 pg ml-1 insulin, 2.8 pg ml-' linoleic acid and 2.6 pg ml-1 cholesterol. The medium for some samples contained 10-6M hydrocortisone sodium succinate in addition. Cells were plated at three or four different concentrations: either at 10 ml-', 7.5 x104 mIl-' and 5 x 104 ml-P1 or at 105mI-1, 6.7 x 104 ml-1, 3.3 x 104 and 104ml-1. Duplicate or triplicate 1 ml aliquoies of each cell concentration were plated in bacterial Petri dishes (Greiner, Niirtingen, FRG; No. 627102) .
Plates were examined after 1 day of incubation using an inverted microscope. Cell aggregates with diameters .60,pm were counted. Thereafter, plates were examined, at which time they were fed with 0.5 ml fresh medium. Final colony counts were made after 3 weeks of incubation. Assuming the results of Meyskens et al. (1984) Colony formation by progenitor cells in equal volume cultures can be considered as a random sampling problem and therefore, the numbers of colonies counted in replicate plates can be assumed to fit a Poisson distribution. The mean value of the colony counts (Yi) for each cell concentration (Xi) is an estimate of the mean of the Poisson distribution for that concentration. The variance is also estimated by Yi and for high values of Yi, the standard deviation is approximated by (Yi)112. Since the Poisson distribution is asymmetric, it is probably best to use 95% confidence limits obtained from compiled Tables (see for example , Diem & Lentner, 1970) , at least for low values of Yi.
The assumption that colony counts fit a Poisson distribution means that the variance of Y will increase as X increases. Thus, the best fit estimate (Armitage, 1971) for b in equation (1) 
with k-I degrees of freedom, k being the number of cell concentrations tested. Since most tumour samples have cloning efficiencies (b) < 1%, the term (1-b) in the denominator will be 1. Equation (3) (Hendry, 1973) Table II for explanations. in Table II , for 9 breast carcinoma samples in Table  III , and for 9 colo-rectal carcinoma samples in Table IV and 11 miscellaneous tumour samples (4 non-small cell lung, 1 small cell lung, 2 osteosarcomas, 2 kidney, 1 melanoma, and 1 carcinoma of unknown origin) in Table V . For 27 (53%) of the samples, colony formation appeared to be independent of cell concentration, (P<0.05), thus fitting a straight line through the origin. The colony data for two such samples are shown in figure 1. Inspection of the curves for the remaining 20 samples, which had chi-squared Pvalues of less than 0.05, indicated that they could be further classified into two types: (i) those with cloning efficiencies that increased with increasing cell concentration (type I non-linearity) and (ii) those with decreased cloning efficiencies at the highest cell concentration (type II non-linearity). Fifteen (29%) of the samples in our series fit into the first category and 9 (18%) fit into the second category.
Results from two representative samples with non-linear relationships of type I are shown in Figure 2 . With all 11 samples of this type, it was observed that the average colony size was also increased with increasing cell concentration.
Examination of the data for samples with type II relationships indicated that they might be either 'linear' ( Figure 3A) or having increasing cloning efficiencies ( Figure 3B ) at the lower cell concentrations. In some, but not all, samples of this type, it could be seen that the size of colonies was smaller at the highest cell concentration. However, in such cases, there was always a high 'background' of small clusters (<60Mm) and single cells. ovarian carcinoma (Table II , sample) and (b) ovarian carcinoma (Table II, Figure 3 Two examples of non-linear relationships between colony numbers and numbers of cells plated with decreased cloning efficiency at highest cell concentration (type II): (a) colon carcinoma (Table IV, sample 2) and (b) small carcinoma of the lung (Table  V . This mechanism is probably not a major factor in the cases of type II non-linearity reported here, since cultures were fed each week with fresh medium and relatively few colonies were evident at any cell dilution with many of the samples. In such cases, production of inhibitory factors by tumour cells, or by normal inflammatory cells plated together with tumour cells (Buick et al., 1980; Hamburger et al., 1983) (Hamburger et al., 1983) .
Cooperation between interacting cells could be modulated by cell-to-cell contact or by release of factor(s) into the medium. The latter possibility is supported by the finding that conditioned media from breast cancer cell lines will increase the cloning efficiencies of cells from freshly obtained breast tumour samples (Hug et al., 1984) . It is attractive to speculate that samples with type I relationships have enhanced colony formation at high cell densities due to autocrine production of growth factors, possibly through activation of oncogenes (Waterfield et al., 1983; Doolittle et al., 1983) . However, addition of non-specific nutrient factors to suboptimal media have been shown to affect the apparent linearity of colony formation by cells from human tumour cell lines .
The two types of non-linearity have opposite consequences for chemosensitivity tests. As indicated by Meyskens et al. (1983) type II relationships can lead to predictions of drug resistance when, in fact, CFUs have been killed. This would provide an explanation for the false negatives (resistance to a drug in vitro with sensitivity of the tumour in the clinic) reported for -10% of the cases in studies correlating in vitro assay results with clinical findings.
An even more important aspect with respect to the predictive potential of these assays is the rate of false positive results (i.e., sensitivity in vitro but resistance in vivo). They constitute nearly 30% of all predicted sensitivities (Salmon, 1984 (Salmon et al., 1981) and conversely the reduction in colony numbers that represents a cell kill equal to 70%. Obviously, calculations of this type could be of potential benefit for improving the predictive accuracy of clonogenic assays. Since the logarithmic transformation can be applied to linear relationships as well as type I non-linearity, this approach could be used with about 80% of the samples in our series.
It may be argued that the high incidence of nonlinearity we have observed is inherent to our culture system, which employs a single layer of methylcellulose rather than a double layer of agar and contains a relatively low concentration of serum (5%). However, reported non-linearity of colony formation in a more conventional double layer agar system (Meyskens et al., 1983) suggests it to be a more universal phenomenon and a property of the samples themselves.
In light of the cellular heterogeneity of tumour samples, both in terms of biological characteristics of the tumour cells and with respect to the content of other non-malignant cells, it would be advisable to include as internal controls plates with appropriate cell dilutions for every sample cultured. Detailed knowledge of the relationship between numbers of colonies and cells seeded in each assay could provide a means for correcting potential artifacts in chemosensitivity tests. Furthermore, the Poisson distribution of progenitor cells in replicate plates has important consequences for statistical treatment of results from clonogenic assays.
